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ABSTRACT

Two major noise sources have been identified in dc discharge gas
lasers: plasma noise and multimode noise. These sources may lead
to a 20- to 30-db increase in noise above the shot noise level in certain
bands of the spectrum extending from a few KHz to several MHz. This
increase in noise can degrade the performance of an optical communi-
cations system. The presence of these noise sources, the spectral
location, and the magnitude for several helium-neon lasers investigated
is the subject of this report. Experimental results reveal that plasma
noise can be reduced by increasing the filament current in the laser tube,
and multimode noise can be controlled by inserting an iris in the laser
cavity to eliminate off-axis modes, Careful clhoice of mirror separa-

tion and curvature also helps to minimize low frequency noise.
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1. INTRODUCTION

The random fluctuations in the photodetected current from a laser
constitute noise. These fluctuations, appearing at the detector output
as intensity fluctuations, are caused by amplitude as well as phase
variations of the laser field. Although their sources are many, we

have concentrated on measuring the ones inherent to the laser itself.

‘We have found two major noise contributions in dc discharge gas

lasers: plasma noise and multimode noise. Each one may be respon-
sible for as much as 20 to 30 db of noise in certain bands of the spectrum
extending from a few kHz to several MHz (Ref. 1), This noise degrades
the performance of communications systems by several decibels; it

also introduces errors in propagation measurements as these fluctua-

tions often exceed those created by atmospheric turbulences.

The presence of these noise sources, their spectral location, and
their magnitude is the subject of this investigation. Resultants of this
work are guidelines and criteria of laser design aimed at reducing or

eliminating these additional sources of noise.



——

2. RESULTS

Plasma noise in dc discharges of HeNe lasers operating at 63281 has
been eliminated by increasing the filament current in the laser tube.
The random oscillations disappear completely in the range 0.1 to
100 kHz. However, no measurements were made beyond 100 kHz to
determine if oscillations appeared at higher frequencies. A tentative
explanation for the disappearance of these oscillations is given in

Section 3.

Multimode noise can be controlled,with consequent output reduction, by
inserting an iris in the laser cavity and cutting down the beam diameter
to the point where off-axis modes are sharply reduced. Alternatively,
low frequency noise in the kHz range can be minimized by choosing the
mirror separation and curvature so that higher order transverse modes
are spaced by several MHz, i.e., several natural linewidths from the
dominant TEMqoo modes; this greatly decreases mode competition

interactions and thereby lessens the amount of noise in the low frequency

(LF) portions of the photodetected current.
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3. PLASMA NOISE
3.1 Experiment

The experimental setup appears in Fig. la. Photographs are shown in
Fig. lb. The discharge current fluctuations are monitored spectrally
on the 1 to 100 kHz analyzer; the incoherent light from the discharge
is detected via photomultiplier No. 1 and the laser light via photomul-
tiplier No. 2. Both photomultiplier outputs are analyzed for spectral
fluctuations on an LF wave analyzer covering the band 100 Hz to

50 kHz.

The major result of the experiment is illustrated in Figs. 2 a through
2c. The plasma exhibits low frequency oscillations around 19 kHz
which show up in the spectrum of the discharge current Ij, (Fig. 2a),
These fluctuations also show up in the incoherent or side light from the
laser tube (Fig. 2b) which is attributed to the fact that these fluctua-
tions are caused by ""moving striations'' in the plasma (Ref. 2). The
gain of the tube is modulated accordingly by these oscillations since
the laser output current Ipm also exhibits peak fluctuations at the
same frequency (Fig. 2c). We see then that striation oscillations
around 19 kHz increase the laser noise output (Fig. 2c) by as much as
20 db. The slowly decaying noise spectrum between 12 and 19 kHz in
the photocurrent of Fig. 2c is attributable to additional noise caused by
random frequency modulation, i.e., instabilities in the plasma oscil-
lation frequency (Ref. 3). These oscillations do not always occur at
the same frequency for the same laser. Peak fluctuations occurring
at 18 kHz and reaching a level 30 db above shot noise are shown in

Fig. 3.

Another laser whose dimensions are shown in Fig. la was also investi-

gated. The discharge current oscillations occur at 10 kHz with strong



harmonics up to the fifth (Fig. 4a). Corresponding fluctuations show
up in the laser output current (Fig. 4b). The laser was made to
operate in locked modes as shown in Fig. 4b, which displays a single
beat at 250MHz. The same laser, under identical operating conditions
except for the fact that the modes are unlocked, is seen, (Figs. 5a
and 5b) to have perfect correlation between the discharge current
(Fig. 5a) and photocurrent fluctuations (Fig. 5b). Note the increase
in photocurrent noise level due to the unlocked modes whose beats are

displayed in Fig. 5b.

The strong dependence of striation oscillations on filament current is
positively confirmed by the results shown in Figs. 6a through 6{and

7a through 7h. Figure"()b shows that with higher filament current
(rheostat setting = 57)>: striation oscillations do not take place until

the discharge laser current Ij reaches 9.5 ma. The fundamental
oscillation is around 25 kHz with harmonics showing up as I, increases
(Figs. 6a to 64). At lower filament currents (rheostat setting = 55)*
oscillations begin to show up for discharge current of I} = 4.5 ma
(Fig. 7b) at about the same frequency and increase in strength with
strong harmonic dependence as the discharge current increases. No
specific relation appears between current and oscillation frequency;

there is a strong probability that the observed frequency shifts are

caused by plasma instabilities.

3.2 Physical Interpretation

From the data presented in the previous section, it is clear that the
oscillations in the dc current of the plasma column of a few percent
are also evident as modulation of the coherent output of the laser.
These modulated optical modes are not separately resolved in a
scanning interferometer display and while they are evident in the

photodetected output tuned to the dominant mode spacing c/2L,

*"Rheostat settings are related to filament current as follows: setting55 =
4.1 amperes; setting 57 = 4.2 amperes

4



these beats have often been erroneously interpreted as frequency-
pulled dominant mode beats of several longitudinal oscillations (the
frequency spacing of 20 kHz is much too high for this effect with the
6328 & laser).

From the low frequency spectral mode display, it is clear that each
optical mode is modulated, and that optical sidebands are generated by
these plasma oscillations. This effect was observed, in fact, indepen-
dently by others and correctly interpreted as being due to plasma
striations in the positive discharge column (Refs. 4 and 5). However,
the suppression of these oscillations by simply increasing the space
charge available at the cathode is reported for the first time in this
report. Other more sophisticated methods of suppressing these oscil-
lations would be the use of additional grids or partial rf excitation
(Ref. 6).

Among the well-known types of oscillations in low-pressure dc discharges

are the following (Ref. 7):

a) Striations
b) Ion acoustic
c) Electron plasma frequency

Extensive theoretical treatment of the striation phenomena has been

made by Robertson (Ref. 8) and by Wojaczek (Ref. 9), and lengthy experi-
mental treatises of note are those of Donahue and Dieke (Ref. 2), and
Pekarek (Ref. 10). Briefly, it has been found that dc discharges in inert
gases are almost always accompanied by moving or standing striations.
These striations are thin annular discs along the positive column for
which the electron concentration and temperature and the spontaneously
emitted light are alternating in value. Modulation of the current is
typically only a few percent; but the emitted light is deeply modulated,

often dropping nearly to zero from a bright disc to a dark one.

5



Hakeem and Robertson have shown the important influence of the
metastable levels of the inert gas atoms in striating a discharge col-
umn, and they predicted and later observed that there would not be
any striations in discharges of alkali vapors, since these elements do

not have neutral atom metastable states (Ref. 13).

It is relatively easy to explain the modulation of the optical modes in

a qualitative way. First, it is important to clearly see that a striation
is set up in the population density of the metastable neon atoms. As
electrons in the discharge reach the negative glow, they get trapped;
the resultant decline of current tends to extinguish the discharge. As
the current decreases, the voltage increases, thus giving additional
energy to the electrons that were traveling in the plasma column |
between the negative glow and the anode. These electrons have enough
energy to ionize metastable Ne atoms by collisions with the resultant
generation of a positive space charge which starts traveling toward the
cathode. This traveling space charge constitutes a moving striation
which, as it approaches the cathode, releases the trapped electrons

in the negative glow. The whole process then repeats itself in a
periodic fashion. It has been established that the speed of these

striations depends on the lifetime of the Ne metastable atoms.

The short-lived 3s, and 2p4 levels of neon are the upper and lower
levels, respectively, for the laser transition at 6328A. The 2p4 level
subsequently decays to the metastable Ne(ls), and it is this latter level
which is striated in the positive column. For a higher population of
Ne(ls), the deleterious repopulation of the Ne(2py) by collisions with
electrons of 3 volts or more energy can be expected to decrease the
population inversion. Thus, the striations in the metastable Ne(ls)
give rise to time-varying spatial modulation of the population inversion,

and hence each optical mode is modulated.



It is also reasonable to conclude that the 1.15-y laser transition

(Zsz to 2p4) will be similarly modulated since the same terminal level
is involved. On the other hand, the 3,39-puy transition for the helium-
neon laser (3s, to 3py) is not as severely coupled to the Ne(ls) meta-
stable level, and, therefore, the striation modulation of this laser line

would be expected to be somewhat less.

Both the electron plasma frequency and the ion-acoustic phenomena are
approximately independent of the tube radius, and the electron plasma

frequency for the discharge parameters of the laser tube under consid-
eration is approximately 4 x 109 Hz which is certainly well above the

striation frequencies.



4, MULTIMODE NOISE

4.1 Experiment

The experimental setup is shown in Figs la and 1b. An important

feature of this experiment is a piezoelectric (PZT) crystal driving the
curved mirror of the laser cavity. This allows changing the laser

modes that can be excited in the cavity., Two different operations are
possible. In the first, the PZT bias is varied manually while the mode
change is observed both on the scanning interferometer oscilloscope
display and on the RF spectrum analyzer via beats. In the other
operation, the bias is adjusted at some value corresponding to a con-
venient cavity length and the PZT is driven by an audio oscillator at

rates of the order of 0.1 to 10 Hz, In both of these operations, the
change in noise level is recorded on the Low Frequency (LF) Analyzer

as a function of frequency. This is very well illustrated by the

scanning interferometer displays of Figs. 8a through 8c, the RF beat
display of Figs. 9a through 9c and the LF noise spectrum record of

Fig, 10. This series of photographs in conjunction with the LF spec-
trum of Fig. 10 definitely proves that multimode operation is very

noisy if the modes are unlocked. The scanning display of Figs. 8a
through 8b indicates the presence of three longitudinal modes., The
spacing between these modes is 250 mHz, corresponding to c/2L for
the cavity. The sequence of Figs. 8a, 8b, and 8c brings out the effects

of off-axis modes under locked (Fig. 8b) and unlocked condition

(Fig. 8¢). The off-axis modes 30 kHz apart are too close to be resolved
by the scanning interferometer. Their presence, however, blurs, widens,
and reduces the on-axis modes as seen in Fig, 8c. This is confirmed by
the beats between off-axis and on-axis modes displayed on the RF spec~
trum of Figs. 9a, 9b, and 9c. The spacing is still 30 kHz; as the modes
unlock from a to ¢ in Fig. 9a, there is a one-to-one correspondence
with the displays in Figs. 8a to 8c. In addition, a one-to-one correspond-

ence also shows up in the low frequency noise recording of Fig. 10.



In this figure, the levels indicated by a, b, and ¢ correspond to the
equivalent labelings of Figs. 8 and 9. During these experiments, the
unlocking was brought about by varying the PZT bias, and the discharge
current fluctuations were checked to ensure that no plasma oscillations
were present., The experiment was also repeated by keeping the PZT
bias fixed and driving the crystal at 1 Hz rate. This unlocks and
locks the modes at this rate with a corresponding increase and decrease
in low frequency noise. The noise spectrum in Fig. 11 illustrates a
case in point; the periodic change in noise level with PZT oscillation in
the range 10 to 14 kHz, occurs at 1 Hz rate. The change in noise

level in this case is of the order of 15 db.

4.2 Physical Interpretation

A preliminary theory of multimode noise has been published by the
writers (Ref. 1) and will not be repeated here. A reprint of this refer-
ence is included in the Appendix for convenience. It is worth discus-
sing how beats between on- and off-axis modes occur at frequency
spacings of the order of 30 kHz. The cavity geometry for the laser of
Fig. la is shown in Fig. 12a. It is nearly semiconfocal and the various
order modes m, n (transverse), q (longitudinal) occur at frequencies

(Ref. 11)

- < 1 -1 2d
anq_Zd {q+2n (1 + m + n) cos (l-b)} (5)

For the complete degenerate case (Fig. 12b) d = b/2 = 60 cm. A
plot of the on-axis modes of order g and g-1 and off-axis modes
g-1, m, n shows thatthe (m + n) = 4 order transverse mode
pertaining to gq-1 coincides with the gq order on-axis mode. This is
called, as we said, the complete degenerate case. If the cavity length
is slightly perturbed from this dimension, the (m + n) = 4 order

transverse mode pertaining to the g-1 on-axis modes may fall within



a few kHz from the q- on-axis mode. The laser medium is capable of
sustaining these two adjacent modes; mode competition results, giving
rise to locking and unlocking with a corresponding change in low fre-
quency noise levels. Saturating effects in the medium play an important
role in this type of mode competition (Ref. 12). In the nondegenerate

case, 2d/b # 1, but close to unity. We define the parameter

., 2d
6= 1 -5 (6)

which is close to zero and find that the spacing between the first trans-

verse mode and its corresponding on-axis mode is given by

1

_ € cos °§
Yooq ~ Yoiq ~ 2d "2 (7)

For 6 # 0 but close to it, Eq. 7 yields a fre\quency difference of the
order of 30 kHz., This situation is illustrated in Fig. 12c.

10



5. CONCLUSIONS AND RECOMMENDA TIONS

It has been established that plasma striation oscillations and multimodes
contribute significantly to the noise level of gas lasers. For a HeNe
laser operating at 63281 striation oscillations may contribute as much
as 20 db of noise over the shot noise within a range of frequencies
extending from a few kHz to 100 kHz. Multimode operation may add

another 20 db of noise if the modes are unlocked.

As a result of this investigation, the following steps are recommended

for eliminating the excess noise:

a) Striation oscillation noise is reduced by increasing the
available space charge over that normally adequate for
the low current discharge; tube life is not adversely

affected if a fairly large filament area is provided.

b) Multimode noise is minimized by eliminating off-axis
modes through aperture reduction and particularly by

avoiding near degenerate semiconfocal geometry.

11
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Figure 8a

Figure 9a

Figure 8b Figure 9b

Figure 8c Figure 9c

Figure 8 Figure 9
Scanning interferance display RF spectrum beat display
of locked and unlocked modes under locked and unlocked

conditions
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Figure 12a

Laser cavity geometry

L

- 250 MHz
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Figure 12b
Mode display for degenerate case {6 = 0)

I N e [l

Figure 12c¢

Mode display for nondegenerate case (6 # 0)
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1A3f-Excess Photon Noise in Multimode Lasers

H. HQDARA, sENIOR MEMBER, IEEE, AND N. GEQRGE, SENIOR-MEMBER, IEEE

Abstract—A theoty is developed for the excess photon noise in
the detected photocurrent of the multimode laser. Two simple
cases are treated: ia ome, the modes are uncoupled and in the other,
they are phase locked. Both cases can be realized whben a gas
laser is operated under saturation conditions well above threshold,
where complicated mode interactions make a detailed analysis
difficult. As predicted, the excess photon noise is zero dB, within
experimental error, for the phase-locked case; and it is approxi~
mately 20 + 3dB for a stable vibration isolated laser operating
in a multimode, nonlocked condition. Precautions have been taken
to eliminate extraneous noise due to power supply ripple and the
like, and the highly monideal contribution of the photomultiplier
has been subtracted out.

INTRODUCTION

HE SUBJECT of fluctuations in laser beams has
Treceived a good deal of attention in recent years

[1}-[4], partly because it brings out some of the
fundamental differences between incoherent and coherent
radiation, and partly due to some of its far reaching
consequences in practieal applications.

As is well known and successfully demonstrated in the
Hanbury Brown and Twiss [5] and the Forester et al.
[6] experiments, the fluctuations in photodetected in-
coherent light are made up of two distinet contributions:
shot noise and wave interaction or excess photon noise.
The first is inherent to the quantum nature of radiation,
and the second is interpreted as beats between the ran-
domly phased Fourier components that compose the
radiation linewidth. In those experiments, the excess
photon noise was several orders of magnitude below
the shot noise because the degeneracy parameter [7]
(average number of photons in the same quantum state)
for these source temperatures' is much smaller than unity
for incoherent light.

In the single-mode amplitude stabilized gas laser op-
erated well above threshold the situation is markedly
diferent. Here the degeneracy parameter exceeds unity
- by several orders of magnitude. Yet, excess photon noise
is negligible compared to shot noise since the Fourier
components composing the radiation are not randomly
phased.

In multimode operation with unlocked phases, the
modes beat randomly against each other, giving rise
o signifieant additioual Huetuations over the shot noise
in the photodetected current. These fluctuations are in-

Manuscript received May 5, 1966; revised July 6, 1966. This
paper was supported by LRC-NAS1-6003 and AFOSR-AF49
(638)-1322. This paper was presented at the 1966 International
Quantinn Electronies Conferenes, Phoenix, Ariz.

H. Hodara is with Tetra Tech, Inc., Pusadena, Culif.

N. George i3 with the Culifornia Institute of Technology,
Pasadena, Calif.

! For black bodies, the averuge number of photons in a quantum
state increases with temperature according to 1/(e**T —1),

terpreted as wave interaction or excess photon noise.
We report in the following experiments on multimode
gas lasers operated with saturated gain under phase-
locked and unlocked conditions. Earlier excess noise
measurements have emphasized operation in the vicinity
of threshold (8], [9].

As a preliminary, we first make some pertinent remarks
concerning the theory leading to the prediction of this
type of noise.

THEORETICAL REMARKS

In order to understand how modes with unlocked
phase give rise to a spectrum of fluctuations, consider
a simple model of two equi-amplitude stabilized modes
with random phases and equal spectral width Aw. The
expression for the instantaneous electric field is of the
form :

z, = el’(m.Héu) _rL e-’(w:t+¢u). (1)
w, and w, are the mode center frequencies; ¢,, and ¢,
are the respective randomly .varying phase. The sub-
script denotes time dependence. The photodetector “sees”

the square modulus of the electric field:

Yo = 2.2t = 2{1 + cos (2 + ¥.)}. )

@ = w, — w; is the beat frequency, ¢, = ¢.. — ¢1:, and
the star denotes complex conjugation. In order to obtain
the spectrum of the resultant photocurrent, we first cal-
culate the autocorrelation function of y, on an ensemble
average basis,

<y¢ym> = 4{1 + %(COS Qr + ¢ohr — ‘Pt))
+ (cos (@ + ¥,)) + (cos [Q(t + 7) + ¢...])

+ —;— <cos [29(: + é) + Yo + »’h]>}- ®3)

If ¢, and ¢,, have uniform probability density over
the range 2w, it is readily shown that ¢, and ¢,., have
also the same statistics, so that {(cos (@ + y¥.)) =
{cos [Q(t + 7) + ¢.]) = 0. Even in the case where ¥,
varies at approximately the same rate as @, onc can
show that the sum ¢,., + ¢, also has uniform prob-
ability density, thus making the List teom O -
zero. For a time stationary process, (¢.., — ¢.) is time
independent. Denoting the difference by ., (3) reduces to

(9y.er) = 4{1 + Keos (r + ¢ &)

where

(cos (Qr + ¢,) = f cos (2r + ¢)p(y) d¢.. iy

suitable
limits
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Intuitively, we expect the probability density p(¥.) to
be intimately tied to the joint probability p(y., ¥...),
since the latter determines the spectral power deusity
via its Fourier transform, the autocorrslation function.
The spectrum width, in turn, limits the rate at which
¥, can vary, This is illustrated in Fig. 1, which shows
that the slope of ¢, cannot exceed in absolute value
the half linewidth of Aw of the resultant beat spectrum.
At any instant, r, p(y,) can be approximated by a Gaus-
sian distribution with variance (y7), dependent on r.
This is easily proved as follows. We assume that the
slope of ¥, changes positively or negatively at every
coherence interval r, = 1/2Aw with probability ¢ = }
(see Fig. 1b). At a time interval r (say 4r.), the prob-
ability of ¢, taking discrete values between the two
slopes follows a binomial distribution. The relative oc-
currence of the events is indicated by the fractional
numbers shown in the figure and in the corresponding
histogram. The number of events is approximately n =
{rl/r., as seen from the geometry of the figure. The

-binomial distribution variance is given by ¢° = ng =

n/2 (since ¢ = }). As n grows larger the binomial dis-
tribution becomes Gaussiun,

(‘b e—#’/mt' 16\
Dy -—) = 0'\/2; 1\

with
B =) =g @

Substituting (7) and (6) in (5) yields
(cos (Qr + ¥)) = cos Qre” 7Y, ®)

The spectral power density of the photocurrent is the
Fourier transform of the autocorrelation, (y,y,..),

S = [ Qe ds ©

which gives, except for a normalizing factor, after sub-
stituting 7. = 1/2A0w,

(2/4w) _
1+ [(w + Q)Jz
‘ Aw/2
The first term is the average photocurrent (de component).
The other two terms = are Lorentzian® spectra of width
Aw centered at @ and —Q (Fig. 2).

The preceding analysis, being strictly clasmal vields
only the spectral density Auctuation due to beats between
the two randomly phased modes. The shot noise con-
tribution does not show up in this analysis. Had the
modes been phase locked, then, at any instant, the phase

Siw) = 8 + 10

2 The exact spectrum can also be derived using Middleton's
approach. (See D. Middleton, Introduction to Statistieal Communi-
cation Theory. New York: McGraw-Hill, 1960, ch. 14.) The resultant

autocorrelation is
f (\m wr/ 2> }
W)

where s,(w) is the normalized spectral frequency power density.

Yoy ~2 4 cos Qr exp { 2

SEPTEMBER

T

\

/
al-

(b)
Fig. 1. (a) Member of the ensemble. (b) Probability distribution.

Sl (w‘

S{w)
1 2Aw
]

Jau At

Fig. 2. Spectrum of photocurrent fluctuations for two uncoupled
laser modes.

difference ¢,, — ¢s: = ¥, would be constant. The ex-
pression for the spectral current density would differ
from (8) by the absence of the weighting function e™'"'/*"*
and the resultant photocurrent spectrum would exhibit
no noise, only spikes (delta functions) centered at 3=Q.

In the preceding analysis we have simplified the as-
sumptions leading to the spectral current density. In
practice, the spectrum is more likely to be Gaussian.
As shown in Fig. 3, the general conclusions are still valid.
In this figure we have illustrated a practical situation
and emphasized the differences between the conditions
leading to the presence or absence of photon noise.

In Fig. 3(a), the linewidth of a single mode centered
at an optical frequency », is interpreted, in the language
of communication theory, as being due to either random
amplitude modulation or random frequency modulation
and, in general, to a combination of both. For random FM,
(1) applies with only z, = & “***“ It follows [see
Fig. 3(a)] that no beat or wave interaetion noise occurs:
only shot noise is present.

For random AM, (1) is modified by a random amplitude
term and

xi = A‘ei(u;l-ﬁ-h) (11)

1t is easily proved that the photodetected enrrent exhibits
a speetrum of fluctuations due to wave interaction which
lead to excess noise as indicated in Fig. 3(a).

If two modes are present, twao distinet situations oceur
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depending on whether the mode phases are locked or

unlocked. For purposes of analysis, the single modes are
assumed to be amplitude stabilized due to saturation
effects; their spectral width is attributed to random F\I
and it gives rise to just shot noise in the photocurrent
[see Fig. 3(b)].

In the unlocked case, one visualizes each mode as
having a spectrum created by two monochromatic lines
traveling back and forth in a random fashion about
vo and ¥, respectively. In the second case, the phases
of the two modes are locked; the two lines move about
randomly within their respective mode width while main-
taining a constant beat frequency difference Af. Although
the beat frequency is theoretically present in the photo-
detected current; because of its deterministic nature it
does not constitute noise [Fig. 3(c)]. On the other hand,
if the modes phases are unlocked, the beat frequency
is not constant; it varies over a range equal to the sum
of the spectral widths of the modes and is centered at
the mean frequency difference Af. The resultant spectrum
shows up as additional fluctuations over the shot noise
in the photo current [Fig. 3(c)]. These fluctuations con-
stitute excess photon noise.

The present diseussion has so far been limited to two
modes. In the experiment to be described, several modes
are present, e.g., principal cavity modes, combination
tones, and at times the closely spaced sidebands which
are due to modudation by plasma oscillations [10]. The
resultant excess noise, when superimposed on the photo-
multiplier noixe, yiclds the expected photocurrent fluctun-
tions shown in Iig. 4.
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MEASUREMENTS

In the noise measurements to be described, the 6328-A
output of a helium-neon laser is coupled simultaneously

. into two spectrum analyzers. One is a 0 to 50 kHz display

consisting of an RCA 7102-S1 photomultiplier terminated
by 100 kQ and coupled into a General Radio Type 1900A-
1521B Wave Analyzer and Recorder combination; the
other is an RF display at the longitudinal beat frequency,
approximately 260 MHz, consisting of a Philco Type
L4501 photomixer diode coupled into an HP Type 83551-
851 Spectrum Analyzer. '

The laser tube is mounted in a very rigid U-shaped
steel frame about 3/16 inches thick, and the entire
optical apparatus is vibration isolated from the floor of the
building by 30 dB over the measured range of frequencies
from 1 ¢/s to 20 kHz. A constant current electronically
regulated de power supply is used for both anode and
filament. The ripple component of the current is kept
below 0.1 percent. As is customary, a resistor (150 k)
is located close to the anode to suppress parasitic oscilla-
tions. The discharge current fluctuations were measured
and found uniform over the 0 to 50 kHz frequency range
of interest. In addition, the light glow from the side
walls of the discharge tube was photodetected and the
resulting current was found to be shot noise limited. How-
ever, low frequency plasma oscillations could be induced
by lowering the cathode temperature, thereby decreasing
the space charge region. The low frequency tones with
their associated sidebands previously reported by Y.
Inuishi and T. Uchida are then observed in the laser
output, the discharge current, and the sidewall light.

Vibrations of components due to air movements were
reduced below observable levels by enclosing these parts
in felt-lined shields. Short enclosed optical paths were
used to keep air-motion induced signal fluctuations neg-
ligible. The laser is operated in saturation condition at
a constant output power of 3 mW for all of the measure-
ments reported. Two different modes of operation are
observed: phasec-locked and uncoupled modes.

Phase-Locked Modes

This mode is characterized by the appearance of
stable equispaced beats as shown in the RF spectrum
analyzer display of Fig. 5. The low-frequency spectral
noise does not vary appreciably with the number of
beats under phase-locked conditions nor does it change
markedly when low frequency plasma oscillations are
induced, except for the appearance of the previously
mentioned beats which are not plotted as noise. The
corresponding low-frequeney spectral noise record is shown
in Curve (1) of Fig. 6 for any of the cases of Fig. 5(a),
(b), or (c). In order to compare this level to the shot
noise limited output, an incandescent lamp powered with
a de supply is used to establizh the “white light” noi-»
level. The low-frequency noise spectrum (Curve (2) of
Fig. 6) due to this incandescent source is measured at
the same value (8 zA\) of de photocurrent which i wseid
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Fig. 5. Spectrum display of beats centered at 260 MHz with 300
kHz width for coupled modes. (a) One beat. (b) Two beats. (c)
Seven beats.
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Fig. 6. Low-frequency noise spectrum for (1) coupled modes,
(2) shot noise level, and (3) uncoupled modes showing excess
photon noise.

Fig. 7. Spectrum display of beats for uncoupled modes (260 MHz,
with display width of 300 klz).

in the laser tests. Comparison of Curves (1) and (2)
shows that for phase-locked operation the detected photo-
multiplier noise is equal to the measurcd white light noise
within the limits of experimental error, 2 dB. It is
interesting to note that the level of noise for the photo-
multipiier in the 0 to 30 kHz band is typically far above
the shot nose value (2¢,Af)"* for operating currents
of 8 uA. In our experiments, the level was 20 times (or
about 30 dB) higher than the theoretical level below
10 kHz, and it approached the shot noise level beyond
50 kHz.

The white light 1s a practical means of establishing
this reference for experimental purposes, but in applica-
tions it would be desirnble to eliminate this effect.

Uncoupled A odes

Although the phase-locked condition could be main-
tained for periods ¢f time in excess of a half hour, which
wus adequate for our mesurements, this condition is
relatively unstable. These instabilities ean arise or be in-
duced by =ome external fluctuation, e.g., vibration of a
mirror or surge of the power supply; or, they may possibly
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be due to frequency pulling interactions. In order to
induce the uncoupled case in a fairly regular manner, we
scanned onc mirror of the laser cavity longitudinally at
a rate of 0.1 Hz. Typically, the laser is observed to go
through a fairly regular sequence of mode patterns (Fig.
5) indicating cyclic frequency pulling interactions [11]-
[13]. This is followed by a period of instability during
which the modes are uncoupled (Fig. 7) and characterized
by excess photon noise as shown in the low-frequency
spectral record, Curve (3) of Fig. 6. As seen from this
curve, the excess photon noise for the uncoupled mode
condition is characteristically 20 = 3 dB over the fre-
quency range from 0 to 50 kHz.

SuMMARY

The excess photon noise for a multimode laser operat-
ing far above threshold has been measured, and it is found
that mode interaction instabilities may give rise to an ex-
cess level of 20 £ 3 dB over the frequency range from 0 to
50 kHz. Either in single-mode operation or when the
modes are phase locked, it is found that the level of excess
photon noise is zero within the limits of the experimental
error. Both results are in accord with the theory presented
here for the simplified two mode case.

The source flucluations inherent in the unlocked multi-
mode laser must be accounted for or eliminated in practical
applications such as studies of propagation through at-
mospheric turbulence or in certain laser communication
links.
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